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Summary
Objective: The objective of this study was to examine PKC isozyme expression in human articular chondrocytes and assess roles for
RACK1, a receptor for activated C kinase in the mechanotransduction process.
Methods: Primary cultures of human articular chondrocytes and a human chondrocyte cell line were studied for expression of PKC isozymes
and RACK1 by western blotting. Following mechanical stimulation of chondrocytes in vitro in the absence or presence of anti-integrin
antibodies and RGD containing oligopeptides, subcellular localization of PKC and association of RACK1 with PKC and 1 integrin was
assessed.
Results: Human articular chondrocytes express PKC isozymes , , , ι, and . Following mechanical stimulation at 0.33 Hz chondrocytes
show a rapid, 1 integrin dependent, translocation of PKC to the cell membrane and increased association of RACK1 with PKC and 1
integrin.
Conclusions: RACK1 mediated translocation of activated PKC to the cell membrane and modulation of integrin-associated signaling
are likely to be important in regulation of downstream signaling cascades controlling chondrocyte responses to mechanical stimuli.
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During joint movement articular cartilage is exposed to a
range of mechanical forces that are involved in the regula-
tion of cartilage metabolism and integrity. The cellular
responses of chondrocytes to mechanical stimulation
include changes in cAMP levels, membrane potential,
and expression of genes that regulate cartilage con-
tent and turnover including aggrecan and matrix
metalloproteases1–4. Less is known of how chondrocytes
recognize and transduce these mechanical stimuli into
cellular responses. Recent evidence suggests roles for
integrins as mechanoreceptors and activation of a range of
intracellular signalling molecules known to be important in
regulation of gene expression5–8.
We have previously demonstrated that human articular
chondrocytes (HAC) in monolayer culture show a number
of electrical, biochemical and molecular responses to cycli-
cal mechanical stimulation at a frequency of 0.33 Hz for
20 min4–10. These responses include membrane hyper-
polarization as a result of activation of SK (small conduct-
ance, calcium-dependent potassium) channels4,9, an
increase in levels of aggrecan mRNA and decrease in890matrix metalloprotease 3 mRNA8. The mechanotransduc-
tion pathway in this model system involves stretch-
activated ion channels9, 51 integrin5 and an autocrine/
paracrine interleukin 4 (IL-4) loop6. Intracellular signalling
elements include tyrosine kinases5,7, phospholipase C and
protein kinase C (PKC)5. Tyrosine kinase activity is integrin
dependent and results in rapid phosphorylation of FAK125,
paxillin and -catenin7. Specific roles for other signaling
molecules, including PKC, in the mechanotransduction
pathway have yet to be defined.
PKC comprises a family of at least 12 distinct serine/
threonine kinase isozymes11. PKC isozymes are activated
and translocated in response to cellular stimulation12,13, a
process which involves intracellular receptors for activated
C-kinase, termed RACKs14. RACKs bind to activated PKC
via a non-substrate binding site in a saturable and specific
manner. It has been hypothesized that each PKC isozyme
binds to its specific RACK upon activation14. RACKs may
contribute to substrate specificity and selective function of
its PKC isozyme15. RACK1 has been cloned as the first
protein with the characteristics of RACKs16,17. RACK1
consists of seven repeats of Trp-Asp (WD) motifs pre-
sumed to be involved in a protein–protein interaction18.
Complete homology between the amino acid sequence of
RACK1 in human, cow, chicken, rat and mouse suggests
essential cell functions19.
The present study was undertaken to investigate PKC
isozymes and RACK1 expression in HAC and, in view
of recently recognized associations of RACK1 with 1
integrin following PKC activation20 establish whether
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ISOLATION OF CHONDROCYTES
Knee joints were obtained at hospital autopsy, with
relatives’ consent, opened under aseptic conditions and
graded macroscopically for the presence or absence of
osteoarthritis (OA) using the Collins/McElligott system21.
Representative blocks were taken for histological confirma-
tion of normal cartilage or osteoarthritic changes. Donors
had died from a variety of diseases unrelated to the
locomotor system and were undergoing routine hospital
autopsy. Cartilage was sampled from seven males (mean
age, 71 years; range 45–79 year) and 10 females (mean
age, 64 years; range 51–83 year). Chondrocytes were
isolated by sequential enzyme digestion as described
previously5–10. Cells were seeded in Iscove’s modified
Dulbecco’s medium (Sigma) supplemented with 10% fetal
calf serum (Sigma), 100 I.U./ml penicillin (Gibco) and
100 g/ml streptomycin (Gibco) at a final density of 5×105/
ml or 5×104/ml in 58 mm tissue culture dishes (Nunc).
Primary, non-confluent, 1–2 week cultures of chondrocytes
were used in all experiments. The day before mechanical
stimulation was to be carried out, culture media containing
serum was replaced by serum-free media. Morphologically,
the cells studied were typically flattened with a polygonal
cell shape and did not show the fibroblastic appearance of
dedifferentiated chondrocytes. Immunological and molecu-
lar analyses confirmed production of extracellular matrix
molecules characteristic of cartilage5,9.CELL CULTURE OF IMMORTALIZED HUMAN CHONDROCYTES
C-20/A4
To overcome the difficulties in obtaining sufficient carti-
lage from autopsy cases, the immortalized human chondro-
cyte cell line C-20/A4 (kindly provided by Dr Goldring) was
introduced to the chondrocyte mechanotransduction study.
C-20/A4 cells were established by transfection of primary
cultures of juvenile costal chondrocytes with vectors encod-
ing Simian virus 40 large T antigen and selection in
suspension culture over agarose22. Stable cell lines were
generated that exhibited chondrocyte phenotype and con-
tinuous proliferative capacity in monolayer culture in
serum-containing medium. C-20/A4 cells were grown in
Dulbecco’s modified Eagle’s medium (DMEM) (Sigma)/
Ham’s F-12 (Sigma) (1:1, v/v) with 10% fetal calf serum,
100 I.U./ml penicillin and 100 g/ml streptomycin at 37°C in
a 95% air/5% CO2 incubator.MECHANICAL STIMULATION
The technique and apparatus used have been previously
described in detail4,9. Briefly, 58 mm diameter tissue cul-
ture dishes (Nunc) were placed in a sealed pressure
chamber with inlet and outlet ports. The chamber was
pressurized using nitrogen gas from a cylinder, at a fre-
quency determined by an electronic timer which controlled
the inlet and outlet valves. The standard stimulation regime
used was a frequency of 0.33 Hz (2 s on, 1 s off) for a set
period of time including 30 s, 1 min, 5 min, 10 min or
20 min. This system has been shown to produce micro-strain on the base of the culture dish and its adherent
cells9. In the present studies a pressure of 1 Bar which
results in 3700  strain was used. To assess the role of 1
integrins and RGD peptides in PKC translocation and
RACK1/PKC/1 integrin association response to mechan-
ical stimulation, in separate experiments chondrocytes
were incubated with the function blocking monoclonal
anti-1 integrin antibody JB1a (Chemicon), or 100 g/ml
of the synthetic hexapeptides GRGDSP (Gly-Arg-Gly-
Asp-Ser-Pro) or GRADSP (Gly-Arg-Ala-Asp-Ser-Pro)
(Novabiochem, batch no. A09827 and A14834 respec-
tively) for 30 min prior to mechanical stimulation. A
minimum of three donors was used for each experiment.PROTEIN EXTRACTION, IMMUNOPRECIPITATION AND WESTERN
BLOTTING
Following mechanical stimulation, cells were immedi-
ately washed with ice-cold PBS containing 100 M Na3VO4(Sigma) and lysed in situ with ice-cold lysis buffer at 4°C for
15 min. Lysis buffer contained 1% Igepal (Sigma), 100 M
Na3VO4, and protease inhibitor cocktail tablet (Boehringer
Mannheim). For whole cell preparations supernatants were
collected after centrifugation at 13 000 rpm for 15 min. For
separation of cytosolic and membrane fractions cells were
harvested in buffer containing 20 mM Tris–HCl, pH 7.6,
2 mM EGTA, 2 mM EDTA, 0.33 M sucrose, 100 M
Na3VO4, 20 mM NaF and protease inhibitors cocktail.
Extracts were then sonicated on ice and centrifuged at
13 000 g for 30 min at 4°C. The supernatant represents the
cytosolic fraction and the pellet (particulate fraction) was
resuspended in buffer containing 20 mM Tris–HCl, pH 7.6,
2 mM EGTA, 2 mM EDTA, 0.1% Triton X-100, 100 M
Na3VO4, 20 mM NaF and protease inhibitors cocktail.
Protein concentration was determined by the Lowry
method.
One ml aliquot of protein at a concentration of 500 g/ml
was used for immunoprecipitation. For immunoprecipitation
of phosphotyrosine, monoclonal antiphosphotyrosine aga-
rose beads (Sigma Immunochemicals) were incubated with
whole cell lysates for 4 h at 4°C. The beads were sedi-
mented by centrifugation at 13 000 rpm for 15 min and
washed twice with ice-cold lysis buffer and once with
ice-cold PBS containing 1 mM Na3VO4. For immuno-
precipitation of PKC (mouse monoclonal IgG2a, Sigma
Immunochemicals) and 1 integrin (mouse monoclonal
IgG1, Serotec Ltd) whole cell lysates were incubated with
primary antibodies for 1 h and then protein A- or
G-Sepharose (Pharmacia LKB) for 1 h. The immune com-
plexes were then pelleted at 13,000 rpm and washed three
times with ice-cold lysis buffer. All of above procedures
were carried out at 4°C. SDS-sample buffer was added and
the protein A/G-Sepharose or agarose beads then boiled
for 5 min to dissociate the proteins. Equivalent amounts of
immunoprecipitated proteins were separated on a 7.5%
SDS–PAGE under reducing conditions.
Following electrophoresis immunoprecipitated proteins
or cell extracts were transferred onto polyvinylidene fluor-
ide (PVDF) membranes (Millipore Immobilon-P, Sigma).
Membranes were blocked overnight at 4°C with 2% BSA in
TBST (12.5 mM Tris/HCl, pH 7.6, 137 mM NaCl, 0.1%
Tween 20). After washing three times with TBST, blots
were incubated for 1 h at room temperature with
antiphosphotyrosine-HRP directly conjugated monoclonal
antibody (Amersham Corp.) or other primary anti-
bodies and then HRP labeled secondary antibodies.integrin – RACK1/PKC interactions are involved in
chondrocyte mechanotransduction.
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paxillin (Chemicon International), RACK1 (Transduction
Laboratories) and PKC isozymes antibodies including sub-
types a (Transduction Laboratories, Upstate Biotechnology,
NY), , , , , , 	, ι and  (Transduction Laboratories).
Membranes were rewashed extensively and the binding
was detected using Enhanced Chemiluminescense Plus
Western blotting detection system (Amersham), according
to the manufacturer’s instructions.ELECTROPHYSIOLOGICAL RECORDING
Membrane potentials of C-20/A4 cells were recorded
using a single electrode circuit and calibrator as previously
described4,23. Microelectrodes with tip resistances of
40–60 M
 and tip potentials of approximately 3 mV were
used to impale the cells. Membrane potentials of isolated
cells were measured and results were accepted if, on cell
impalement, there was a rapid change in voltage to the
membrane potential level that remained constant for at
least 20 s. The membrane potentials of 10 cells were
measured before and after the period of mechanical stimu-
lation or reagents treatment. To investigate signaling mol-
ecules involved in the hyperpolarization response to
0.33 Hz cyclical mechanical strain, either C-20/A4 cells
were incubated with 10 M gadolinium (Sigma) for 10 min
prior to mechanical stimulation or conditional medium from
mechanically stimulated cells was incubated with 1 g/ml
sheep anti-human IL-4 polyclonal antibody (R&D) for
10 min.
A Student t-test was used for statistical comparison
between sample means, provided that the variance ratio of
the two samples did not reach significance (P<0.05).
Where this occurred, samples were compared using the
non-parametric Mann–Whitney U-test. Significant results
correspond to P values less than 0.05.ResultsMECHANOTRANSDUCTION IN THE IMMORTALIZED HUMAN
CHONDROCYTE CELL LINE C-20/A4 IS SIMILAR TO PRIMARY
ARTICULAR CHONDROCYTES
0.33 Hz mechanical stimulation of chondrocytes
extracted from normal human articular cartilage results in
an electrophysiological response that is dependent upon
stretch activated ion channels, tyrosine phosphorylation
and stimulation of an IL-4 signaling loop5–7. Experiments
were undertaken to establish whether similar transductionpathways and signaling systems were activated by mech-
anical stimulation of C-20/A4 cells. The results are shown
in Table I. Mechanical stimulation at 0.33 Hz resulted in a
membrane hyperpolarization response similar to that seen
in chondrocytes extracted from normal articular cartilage
and grown in monolayer culture. This electrophysiological
response was blocked by gadolinium indicating a require-
ment for stretch-activated ion channels9. Conditioned
medium from mechanically stimulated C-20/A4 cells, when
added to unstimulated cells, caused membrane hyper-
polarization of these cells similar to that of the directly
mechanical strained cells, demonstrating the presence of a
soluble, transferable factor secreted by the mechanically
stimulated cells. Medium from C-20/A4 cells mechanically
stimulated and then incubated with 1 g/ml anti-IL-4 anti-
body for 10 min, when transferred to unstimulated cells, did
not significantly alter the membrane potential of these cells
consistent with the transferable factor being IL-4. C-20/A4
cells when subjected to 0.33 Hz cyclical strain for 1, 5 and
10 min, showed increased tyrosine phosphorylation of
several intracellular proteins including the focal adhesion
adapter protein paxillin (Fig. 1). These results from electro-
physiological studies and tyrosine phosphorylation experi-
ments suggested that C-20/A4 cell line would be suitable
for use in studies of chondrocyte mechanotransduction.EXPRESSION OF PKC ISOZYMES AND RACK1 IN PRIMARY
CHONDROCYTES AND C-20/A4 CELLS
To investigate the expression of PKC isozymes and
RACK1 in cultured chondrocytes, whole cell lysates of
primary cultured chondrocytes and C-20/A4 cells were
subjected to western blotting with a panel of antibodies
against the PKC isozymes including subtypes , , , , ,
, 	, ι, , and RACK1. The results showed that PKC, , ,
ι,  and RACK1 were expressed by chondrocytes from
normal and osteoarthritic cartilage [Fig. 2(a)]. C-20/A4 cells
[Fig. 2(b)] expressed isozymes , ι,  and RACK1, similar
to primary cultured chondrocytes, but showed no expres-
sion of isozymes  and . PKC was expressed in low
amounts by C-20/A4 cells, but not identified in primary
cultures of human chondrocytes.Table I
Electrophysiological response of C-20/A4 cells to cyclical mechanical strain: involvement of stretch-activated ion
channels gadolinium and IL-4
N Membrane potential (−mV) (mean±S.E.M.) %
change
P value
Resting
Reagent
alone
Post
strain
Control 10 40.2±0.7 59.5±0.8 48 <0.0001
Gadolinium 10 39.6±0.5 40.3±0.9 40.5±0.9 0.5 NS*
Control 10 40.2±0.6 59.5±0.8 48 <0.0001
CM# 10 39.6±0.8 59.5±1.3 50 <0.0001
Control 10 39.5±0.6 59.5±1.0 51 <0.0001
CM+IL-4 Ab 10 39.6±0.6 40.6±0.8 3 NS
*NS: not significant. #CM: conditioned medium from mechanically stimulated cells.RACK1, PKC AND 1 INTEGRIN ASSOCIATION IN CULTURED
CHONDROCYTES
Immunoprecipitation experiments with protein lysates
from primary cultures of normal chondrocytes and C-20/A4
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under basal conditions [Fig. 3(a)]. However under the same
conditions there was minimal association between 1
integrin and RACK1 or 1 integrin [Fig. 3(b), lane A] and
PKC [Fig. 3(c), lane A] in unstimulated chondrocytes.
Following 1 min of 0.33 Hz mechanical stimulation, a
marked increase in association between 1 integrin and
RACK1 [Fig. 3(b), lane B] and 1 integrin and PKC [Fig.
3(c), lane B] is seen.INTEGRIN DEPENDENCY OF PKC ACTIVATION FOLLOWING
MECHANICAL STIMULATION
Following mechanical stimulation of chondrocytes from
normal and osteoarthritic cartilage there is a rapid trans-
location of PKC to the particulate fraction of cell extracts.
This reaches a peak by 30 s [Fig. 4(a)]. Pre-incubation of
chondrocytes for 30 min with a function blocking anti-1
integrin antibody has no effect on the distribution of PKC
but the antibody blocks the mechanical stimulation induced
translocation of PKC to the particulate fraction [Fig. 4(b)].MODULATION OF 1 INTEGRIN-RACK1/PKC ASSOCIATIONS BY
MECHANICAL STIMULATION IS INTEGRIN DEPENDENT
RGD containing oligopeptides were used to assess
whether mechanical-stimulation induced up-regulation of
integrin-RACK1/PKC interactions was dependent on
integrin-mediated signaling. Under basal conditions, in the
presence of both the control peptide GRADSP [Fig. 5(a)
lane D] and the active peptide GRGDSP [Fig. 5(a) lane C]
there is minimal association between 1 integrin and
RACK1. Following 1 min mechanical stimulation there is an
increase in association between 1 integrin and RACK1 in
the presence of the non-functional GRADSP peptide [Fig.
5(a) lane B] which is not seen in the presence of GRGDSP
[Fig. 5(a) lane A]. Under similar conditions an increased
association between 1 integrin and PKC is seen follow-
ing 1 min mechanical stimulation in the presence of
GRADSP [Fig. 5(b) lane B] which is not identified when
cells are incubated with GRGDSP oligopeptide [Fig. 5(b)
lane A]. Under basal conditions, in the presence of
GRSDSP and GRGDSP there is minimal association
between 1 integrin and PKC (results not shown).
Extended incubation of chondrocytes with GRGDSP for up
to 6 h showed no effect on cell viability or apoptosis count
as determined by acridine orange staining (data not
shown).Fig. 1. Mechanical stimulation induced tyrosine phosphorylation in
the immortalized human articular chondrocyte cell line C-20/A4. (i)
Tyrosine phosphorylated proteins in unstimulated cells and cells
stimulated by 0.33 Hz cyclic strain were identified by immunopre-
cipitation (IP) and immunoblotting (IB) with anti-phosphotyrosine
monoclonal antibody. Protein tyrosine phosphorylation was
up-regulated after 1 min (lane B) and 5 min (lane C) of mechanical
stimulation compared with resting cells (lane A). However, the level
had declined after 10 min (lane D) of mechanical stimulation.
Arrows in the right margin indicate positions of molecular mass
markers. (ii) Paxillin tyrosine phosphorylation. Lane A: resting cells.
Lane B: cells with 1 min cyclic strain. Lane C: cells with 5 min cyclic
strain. Lane D: cells with 10 min cyclic strain. The peak tyrosine
phosphorylation of paxillin was induced by 1 min of mechanical
stimulation.Discussion
The present study has demonstrated restricted expres-
sion of PKC isozymes in HAC and characterises associ-
ations between 1 integrins, PKC and RACK1 in
chondrocyte mechanotransduction. The results show that
PKC translocation to the cell membrane is a rapid, 1
integrin-mediated event in chondrocyte mechanotrans-
duction and suggest that RACK1 may have important
roles in the signalling cascade by facilitating integrin-PKC
interactions.
In the present model system, chondrocytes are sub-
jected to both an increase in pressure and stretch as a
result of deformation of the base of the dish to which they
are adherant. We believe that the response of the cells in
our system is secondary to the applied microstrain rather
than pressure for a number of reasons. Previous studies in
which cells have been subjected to increased pressure
without associated deformation of the dishes to which they
are adherent have shown that this degree of pressure by
itself does not lead to a change in cell membrane potential,
a reproducible bioassay of chondrocyte responsiveness to
a mechanical stimulus4,5,9,10. Furthermore, similar results
are obtained when microstrain is produced by altering gas
pressure below the dish and not changing the pressures to
which the cells are exposed (unpublished observations).
The possibility that microflow has a role in modulating
chondrocyte function in our experiments cannot be wholly
excluded. Movement of fluid is slight, but noticeable to the
naked eye, during the period of stimulation and the cells will
be subjected to fluid shear stress in addition to stretch
although the degree of the former is not known.
Protein kinase C comprises a family of more than 10
distinct serine/threonine kinase isoenzymes that have
important actions in transmembrane signal transduction
pathways11,24. Different tissues appear to have their own
characteristic patterns of PKC isozyme expression and
different isozymes appear to have different biological
functions12,13,24,25. Previous studies have suggested that
894 H.-S. Lee et al.: PKC and RACK1 in mechanotransductionFig. 2. Expression of PKC isozymes and RACK1 by cultured chondrocytes. Gels were loaded with 30 g protein per lane and probes with
anti-PKC isozyme and RACK1 antibodies (Transduction Laboratories). (i) Articular chondrocytes from normal (lane N) and osteoarthritic
(lane A) cartilage expressed PKC isozymes , , , ι,  and RACK1. (ii) C-20/A4 cells expressed PKC isozymes , ι, , and very low level
of  isotype, and RACK1.Fig. 3. RACK1, PKC and 1 integrin association in cultured
chondrocytes. (i) Coimmunoprecipitation of RACK1 with PKC. Cell
lysates from primary monolayer cultures of normal HAC from 3
individuals were immunoprecipitated with anti-PKC and then
immunoblotted with RACK1 antibody. (ii) Up-regulation of 1
integrin/RACK1 interaction after 1 min cyclic strain in articular
chondrocytes. Lane A, unstimulated cells and Lane B, mechani-
cally stimulated cells. Cell lysates were immunoprecipitated with
anti-1 antibody and then immunoblotted with RACK1 antibody.
(iii) Up-regulation of 1 integrin/PKC interaction after 1 min cyclic
strain in articular chondrocytes. Lane A, unstimulated cells and
Lane B, mechanically stimulated cells. Cell lysates were immuno-
precipitated with anti-1 antibody and then immunoblotted with
PKC antibody.PKC is the major isozyme present in human articular
cartilage26 and that isozyme expression may be modified in
rat and rabbit models of OA27,28. This study has shown that
primary cultures of HAC express the PKC isozymes , , ,
ι, and . Unlike the previous studies using in vitro animal
models and immunohistochemical analysis which showed
no expression of PKC in normal cartilage but expression
in osteoarthritic cartilage28 we have shown no clear differ-
ence in PKC isozyme expression in primary cultures of
normal and osteoarthritic chondrocytes by Western blot-
ting. The immortalized chondrocyte cell line C-20/A4, in
contrast, expresses a different pattern, i.e. , ι,  and low
levels of  subtype. Increased association of PKC with
RACK1 and 1 integrin in primary HAC following mechan-
ical stimulation suggests that PKC may play an importantrole in chondrocyte mechanotransduction. The roles of
other isoforms expressed, however, need to be further
investigated.
PKC isozymes have functions in chondrogenesis29–31,
potentially via MAP kinase signaling30, and in control of
chondrocyte function in adult cartilage. PKC regulates a
variety of cellular responses of chondrocytes, including
mitogenesis and regulation of c-fos and TIMP3 expression
following exposure to a variety of hormones and cytokines
including vitamin D32, estrogen33 and TGF34,35 PKC
associated signaling pathways in chondrocytes may also
be chondroprotective. PKC activation increases proteo-
glycan synthesis, inhibits IL-1 induced stimulation of
proteoglycan breakdown and inhibition of proteoglycan
synthesis by cartilage in organ culture36 and prevents
progression of OA in a rabbit model27.
Roles for PKC in mechanotransduction have been identi-
fied in a number of cell systems37–39 where cyclical strain
results in PKC activation and translocation to the cell
membrane in a similar time scale as documented in the
present study. We and others have shown that PKC activity
is important in the signaling pathways activated in human
and bovine chondrocytes by mechanical stimulation5,10,40
which results in increased proteoglycan production but the
detailed functions of PKC in chondrocyte mechanotrans-
duction processes have yet to be defined. PKC transloca-
tion to the cell membrane as a result of integrin activation is
well recognized41 and may be critical in cell type specific
modulation of focal adhesion complex assembly and cell
spreading on extracellular matrix.
PKC is a key intermediate in integrin mediated signaling
in many cell types and recent work has shown that PKC is
necessary for outside-in signaling mediated by 5
integrin42 as a result of cell spreading on fibronectin.
Significantly 51 integrin is an RGD-dependent integrin
and appears to be one of the major chondrocyte mech-
anoreceptors. RACK1, a member of the G protein super-
family, is known to bind to the C2 domain43,44 which is
present in the PKC ,  and  isoforms. More recently
RACK1 has been shown to associate with a variety of
membrane associated proteins including integrin20 and
cytokine subunit receptor cytoplasmic domains45 and with
the cytoplasmic tyrosine kinases Src and Lck46. RACK1
binding to integrins appears to be dependent on PKC
activation20 although RACK1 does not appear to be a
substrate for PKC itself16.
Osteoarthritis and Cartilage Vol. 10, No. 11 895RACK1, as a regulator of PKC function is likely to have
important roles in control of integrin-dependent PKC-
associated signaling cascades activated by mechanical
stimulation including Ras/Rac dependent MAP kinases
pathways47–49. In addition, RACK1 may act to mediate
specific membrane targeting of non-receptor kinases,
bringing these kinases close to their substrate or activa-
tors45 or inhibit kinase activity46. The increased association
of 1 integrin and RACK1/PKC that is induced by cyclical
mechanical strain is inhibited by incubation with RGD
containing peptides. These findings suggest that mechan-
otransduction via integrins is necessary for association
between RACK1/PKC and 1 integrin following 0.33 Hz
mechanical stimulation. RGD peptides, such as those used
in this study will have effects on a number of different
integrins expressed by chondrocytes including 51, V5
and V3. RGD containing peptides also appear to be
able to induce cell apoptosis by an integrin-independent
mechanism50. This latter effect depends upon entry of RGD
oligopeptides into the cell cytosol. The ability of RGDpeptides to cross the cell membrane appears to be depen-
dent on the mode of purification of the peptides during their
preparation. The batch of GRGDSP used in the present
study was purified using hexanesulphonic acid and is not
able to enter cells (Professor M. Salmon, Birmingham
University, personal communication) and therefore can-
not interfere directly with intracellular signaling molecules.
Furthermore we have been unable to show a pro-apoptotic
effect of this batch of GRGDSP oligopeptides despite
extended periods in culture.
As a result of difficulty in obtaining a regular supply of
human chondrocytes we also assessed the response of the
human articular cartilage derived immortalized cell line
C-20/A4 to mechanical stimulation. The C-20/A4 cell line
synthesizes and secretes cartilage specific molecules and
on exposure to IL-1 show decreased levels of type II
collagen mRNA and increased levels of mRNA for colla-
genase, stromelysin and immediate early genes (egr-1,
c-fos, c-jun, and jun-B)22. C-20/A4 cells, however, do show
some differences in phenotype from untransformed HAC,
including integrin expression51 and in the present study
expression of PKC isozymes. Nevertheless these cells
(passages 10–20 were used), as well as showing identical
changes in PKC/RACK1/integrin associations to that of
primary cultures of human articular chondrocytes, showed
similar electrophysiological and biochemical responses to
0.33 Hz cyclical mechanical strain to that previously
reported in normal chondrocytes, indicating that they may
be a useful model to examine chondrocyte mechanotrans-
duction events.Fig. 4. (A) Effects of mechanical stimulation on the subcellular localization of PKC PKC translocates to the particulate (membrane) fraction
following mechanical stimulation of normal human articular chondrocytes. (B) This translocation is blocked by 30 min. pre-incubation of the
cells with function blocking anti-1 integrin antibody. Gels were loaded with 40 g protein per lane and probed with anti-PKC antibody (clone
M4 Upstate Biotechnology).Fig. 5. (i) GRGDSP inhibited the up-regulation of 1 integrin/
RACK1 interaction induced by mechanical stimulation in primary
chondrocytes. Lane A: cells treated with GRGDSP followed by
1 min cyclic strain. Lane B: cells treated with GRADSP followed by
1 min cyclic strain. Lane C: cells treated with GRGDSP without
mechanical stimulation. Lane D: cells treated with GRADSP
without mechanical stimulation. (ii) GRGDSP inhibited the up-
regulation of 1 integrin/PKC interaction induced by mechanical
stimulation in primary chondrocytes. Lane A: cells treated with
GRGDSP followed by 1 min cyclic strain. Lane B: cells treated with
GRADSP followed by 1 min cyclic strain.Acknowledgments
This work was funded by grant from the Arthritis Research
Campaign and Action Research whose support we grate-
fully acknowledge. Dr H.-S. Lee was supported by a grant
from the National Defence Medical Center, Tri-Service
General Hospital, and National Science Council, Taiwan
[(NSC 91-2314-B-016-034 & TSGH-C91-58)]. We would
like to thank Professor Mike Salmon, MRC Centre for
Immune Regulation, Birmingham, U.K. for helpful discus-
sions and advice on RGD peptide preparation and cellular
effects.
896 H.-S. Lee et al.: PKC and RACK1 in mechanotransductionReferences
1. Veldhuijzen JP, Bourret LA, Rodan GA. In vitro studies
of the effect of intermittent compressive forces on
cartilage cell proliferation. J Cell Physiol 1979;98:
299–306.
2. Bavington C, Wright MO, Jobanputra P, Lin H,
Morrison PT, Brennan FR, et al. Accelerated proteo-
glycan synthesis in human chondrocytes following
cyclical pressurisation is mediated by 1 integrin and
stretch activated ion channels. Br J Rheumatol
1996;35(Suppl A1):110.
3. Urban JP. The chondrocyte: A cell under pressure. Br J
Rheumatol 1994;33:901–8.
4. Wright MO, Stockwell RA, Nuki G. Response of
plasma membrane to applied hydrostatic pressure in
chondrocytes and fibroblasts. Connect Tissue Res
1992;28:49–70.
5. Wright MO, Nishida K, Bavington C, Godolphin JL,
Dunne E, Walmsley S, et al. Hyperpolarisation of
cultured human chondrocytes following cyclical
pressure-induced strain: evidence of a role for 51
integrin as a chondrocyte mechanoreceptor. J Orthop
Res 1997;15:742–7.
6. Millward-Sadler SJ, Wright MO, Lee HS, Nishida K,
Caldwell H, Nuki G, et al. Integrin-regulated secretion
of interleukin 4: a novel pathway of mechanotrans-
duction in human articular chondrocytes. J Cell Biol
1999;145:183–9.
7. Lee HS, Millward-Sadler SJ, Wright MO, Nuki G, Salter
DM. Integrin and mechanosensitive ion channel-
dependent tyrosine phosphorylation of focal adhe-
sion proteins and -catenin in human articular
chondrocytes after mechanical stimulation. J Bone
Miner Res 2000;15:1501–9.
8. Millward-Sadler SJ, Wright MO, Davies LW, Nuki G,
Salter DM. Mechanotransduction via integrins and
interleukin-4 results in altered aggrecan and matrix
metalloproteinase 3 gene expression in normal, but
not osteoarthritic, human articular chondrocytes.
Arthritis Rheum 2000;43:2091–9.
9. Wright MO, Jobanputra P, Bavington C, Salter DM,
Nuki G. Effects of intermittent pressure-induced
strain on the electrophysiology of cultured human
chondrocytes: evidence for the presence of stretch-
activated membrane ion channels. Clin Sci 1996;
90:61–71.
10. Millward-Sadler SJ, Wright MO, Lee HS, Caldwell H,
Nuki G, Salter DM. Altered electrophysiological
responses to mechanical stimulation and abnormal
signalling through 51 integrin in chondrocytes from
osteoarthritic cartilage. Osteoarthritis Cart 2000;8:
272–8.
11. Martelli AM, Sang N, Borgatti P, Capitani S, Neri LM.
Multiple biological responses activated by nuclear
protein kinase C. J Cell Biochem 1999;74:499–521.
12. Disatnik MH, Buraggi G, Mochly-Rosen D. Localization
of protein kinase C isozymes in cardiac myocytes.
Exp Cell Res 1994;210:287–97.
13. Haller H, Lindschau C, Maasch C, Olthoff H, Kurscheid
D, Luft FC. Integrin-induced protein kinase C and
C translocation to focal adhesions mediates vascu-
lar smooth muscle cell spreading. Circ Res 1998;82:
157–65.
14. Mochly-Rosen D, Khaner H, Lopez J. Identification of
intracellular receptor proteins for activated proteinkinase C. Proc Natl Acad Sci USA 1991;88:3997–
4000.
15. Csukai M, Mochly-Rosen D. Pharmacologic modula-
tion of protein kinase C isozymes: the role of RACKs
and subcellular localisation. Pharmacol Res 1999;39:
253–9.
16. Ron D, Chen CH, Caldwell J, Jamieson L, Orr E,
Mochly-Rosen D. Cloning of an intracellular receptor
for protein kinase C: A homolog of the  subunit of G
proteins. Proc Natl Acad Sci USA 1994;91:839–43.
17. Ron D, Mochly-Rosen D. An autoregulatory region in
protein kinase C: The pseudoanchoring site. Proc
Natl Acad Sci USA 1995;92:492–6.
18. Neer EJ, Schmidt CJ, Nambudripad R, Smith TF.
The ancient regulatory-protein family of WD-repeat
proteins. Nature (London) 1994;371:297–300.
19. Berns H, Humar R, Hengerer B, Kiefer FN, Battegay
EJ. RACK1 is up-regulated in angiogenesis and
human carcinomas. FASEB J 2000;14:2549–58.
20. Liliental J, Chang DD. RACK1, a receptor for activated
protein kinase C, interacts with integrin  subunit. J
Biol Chem 1998;273:2379–83.
21. Collins DH, McElligott TF. Sulphate uptake by chondro-
cytes in relation to histological changes in osteo-
arthritic human articular cartilage. Ann Rheum Dis
1960;19:318–30.
22. Goldring MB, Birkhead JR, Suen LF, Yamin R, Mizuno
S, Glowacki J, et al. Interleukin-1 -modulated gene
expression in immortalized human chondrocytes. J
Clin Invest 1994;94:2307–16.
23. Salter DM, Robb JE, Wright MO. Electrophysiological
responses of human bone cells to mechanical stimu-
lation: Evidence for specific integrin function in mech-
anotransduction. J Bone Miner Res 1997;12:1133–
41.
24. Cornford P, Evans J, Dodson A, Parsons K,
Woolfenden A, Neoptolemos J, et al. Protein kinase
C isoenzyme patterns characteristically modulated in
early prostate cancer. Am J Pathol 1999;154:137–44.
25. Battaini F, Pascale A, Paoletti R, Govoni S. The role of
anchoring protein RACK1 in PKC activation in the
ageing rat brain. Trends Neurosci 1997;20:410–15.
26. Zhang M, Miller C, He Y, Martel-Pelletier J, Pelletier JP,
Di Battista JA. Calphostin C induces AP1 synthesis
and AP1-dependent c-jun transactivation in normal
human chondrocytes independent of protein kinase
C-alpha inhibition: possible role for c-jun N-terminal
kinase. J Cell Biochem 1999;76:290–302.
27. Hamanishi C, Hashima M, Satsuma H, Tanaka S.
Protein kinase C activator inhibits progression of
osteoarthritis induced in rabbit knee joints. J Lab Clin
Med 1996;127:540–4.
28. Satsuma H, Saito N, Hamanishi C, Hashima M,
Tanaka S. Alpha and epsilon isozymes of protein
kinase C in the chondrocytes in normal and early
osteoarthritic articular cartilage. Calcif Tissue Int
1996;58:192–4.
29. Choi B, Chun JS, Lee YS, Sonn JK, Kang SS. Expres-
sion of protein kinase C isozymes that are required
for chondrogenesis of chick limb bud mesenchymal
cells. Biochem Biophys Res Commun 1995;216:
1034–40.
30. Chang SH, Oh CD, Yang MS, Kang SS, Lee YS, Sonn
JK, et al. Protein kinase C regulates chondrogenesis
of mesenchymes via mitogen-activated protein
kinase signaling. J Biol Chem 1998;273:19213–19.
Osteoarthritis and Cartilage Vol. 10, No. 11 89731. Yoon YM, Oh CD, Kang SS, Chun JS. Protein kinase A
regulates chondrogenesis of mesenchymal cells at
the post-precartilage condensation stage via protein
kinase C-alpha signaling. J Bone Miner Res 2000;
15:2197–2205.
32. Sylvia VL, Boyan BD, Dean DD, Schwartz Z. The
membrane effects of 17beta-estradiol on chondro-
cyte phenotypic expression are mediate by activation
of protein kinase C through phospholipase C and
G-proteins. J Steroid Biochem Mol Biol 2000;73:211–
24.
33. Schwartz Z, Sylvia VL, Del Toro F, Hardin RR,
Dean DD, Boyan BD. 24R,25-(OH)(2)D(3) mediates
its membrane receptor-dependent effects on pro-
tein kinase C and alkaline phosphatase via phos-
pholipase A(2) and cyclooxygenase-1 but not
cyclooxygenase-2 in growth plate chondrocytes. J
Cell Physiol 2000;182:390–401.
34. Su S, DiBattista JA, Sun Y, Li WQ, Zafarullah M.
Up-regulation of tissue inhibitor of metallopro-
teinases-3 gene expression by TGF-beta in articular
chondrocytes is mediated by serine/threonine and
tyrosine kinases. J Cell Biochem 1998;70:517–27.
35. Osaki M, Tsukazaki T, Yonekura A, Miyazaki Y, Iwasaki
K, Shindo H, et al. Regulation of c-fos gene induction
and mitogenic effect of transforming growth factor-
beta1 in rat articular chondrocyte. Endocr J 1999;
46:253–61.
36. Arner EC, Pratta MA. Modulation of interleukin-1-
induced alterations in cartilage proteoglycan metab-
olism by activation of protein kinase C. Arthritis
Rheum 1991;34:1006–13.
37. Sadoshima J, Izumo S. Mechanical stretch rapidly
activates multiple signal transduction pathways in
cardiac myocytes: potential involvement of an
autocrine/paracrine mechanism. EMBO J 1993;12:
1681–92.
38. Takei T, Han O, Ikeda M, Male P, Mills I, Sumpio BE.
Cyclic strain stimulates isoform-specific PKC acti-
vation and translocation in cultured human keratino-
cytes. J Cell Biochem 1997;67:327–37.
39. Han O, Takei T, Basson M, Sumpio BE. Translocation
of PKC isoforms in bovine aortic smooth muscle
cells exposed to strain. J Cell Biochem 2001;80:367–
72.
40. Fukuda K, Asada S, Kumano F, Saitoh M, Otani K,
Tanaka S. Cyclic tensile stretch on bovine articular
chondrocytes inhibits protein kinase C activity. J Lab
Clin Med 1997;130:209–15.41. Wrenn RW, Herman LE. Integrin-linked tyrosine phos-
phorylation increases membrane association of pro-
tein kinase C alpha in pancreatic acinar cells.
Biochem Biophys Res Commun 1995;208:978–84.
42. Disatnik MH, Rando TA. Integrin-mediated muscle cell
spreading. The role of protein kinase C in outside-in
and inside-out signaling and evidence of integrin
cross-talk. J Biol Chem 1999;274:32486–92.
43. Ron D, Luo J, Mochly-Rosen D. C2 region-derived
peptides inhibit translocation and function of  protein
kinase C in vivo. J Biol Chem 1995;270:24180–7.
44. Ron D, Jiang Z, Yao L, Vagts A, Diamond I, Gordon A.
Coordinated movement of RACK1 with activated
bIIPKC. J Biol Chem 1999;274:27039–46.
45. Geijsen N, Spaargaren M, Raaijmakers JAM,
Lammers JJ, Koenderman L, Coffer PJ. Association
of RACK1 and PKC with the common -chain of
the IL-5/IL-3/GM-CSF receptor. Oncogene 1999;18:
5126–30.
46. Chang BY, Conroy KB, Machleder EM, Cartwright CA.
RACK1, a receptor for activated C kinase and a
homolog of the beta subunit of G proteins, inhibits
activity of src tyrosine kinases and growth of NIH 3T3
cells. Mol Cell Biol 1998;18:3245–56.
47. Li C, Hu Y, Mayr M, Xu Q. Cyclic strain stress-induced
mitogen-activated protein kinase (MAPK) phos-
phatase 1 expression in vascular smooth muscle
cells is regulated by Ras/Rac-MAPK pathways. J Biol
Chem 1999;274:25273–80.
48. Li C, Hu Y, Sturm G, Wick G, Xu Q. Ras/Rac-
dependent activation of p38 mitogen-activated pro-
tein kinases in smooth muscle cells stimulated by
cyclic strain stress. Arterioscler Thromb Vasc Biol
2000;20:E1–9.
49. Hung CT, Henshaw DR, Wang CC, Mauck RL, Raia F,
Palmer G, et al. Mitogen-activated protein kinase
signaling in bovine articular chondrocytes in
response to fluid flow does not require calcium
mobilization. J Biomech 2000;33:73–80.
50. Buckley CD, Pilling D, Henriquez NV, Parsonage G,
Threlfall K, Scheel-Toellner D, et al. RGD peptides
induce apoptosis by direct caspase-3 activation.
Nature 1999;397:534–9.
51. Loeser RF, Sadiev S, Tan L, Goldring MB. Integrin
expression by primary and immortalized human
chondrocytes: evidence of a differential role for
11 and 21 integrins in mediating chondrocyte
adhesion to type II and VI collagen. Osteoarthritis
Cart 2000;8:96–105.
